in sediments at the Peger Road site; 2) the effect of three electron donor amendments (molasses, shrimp and crab chitin, and "Hydrogen Release Compound" (HRC)) on microbial degradation of TCE in three Peger Road sediments; and 3) the potential significance at the site of chloroethene biodegradation processes other than reductive dechlorination.
In these experiments, TCE biodegradation yielded the reduced products, DCE and VC (Shannon and Wilson, Inc. 2003) .
TCE concentrations in monitoring wells located in the source area and middle portions of the plume appear to be decreasing (Shannon and Wilson, Inc. 2003) . TCE natural attenuation is presumed to result primarily from dilution, because in situ accumulation of reductive dechlorination products is limited to rare incidences of low concentrations (circa 5 µg/L) of cis-DCE in the source area despite the fact that significant portions of the plume are anoxic (Shannon and Wilson 2003) . The presence of cis-DCE, the apparent lack of cis-DCE transport along the groundwater flowpath, the lack of VC accumulation and the apparent predominance of relatively oxidized, Mn/Fe-reducing conditions suggest that the potential for biodegradation of chloroethene 2 contaminants to innocuous, non-diagnostic products (such as CO ) may be significant at the Peger Road site. site (Appendix A). Dissolved hydrogen (H ) was measured using the gas-stripping procedure described in Chapelle et al. (1997) . Concentrations of dissolved Mn(II), Fe(II), sulfide (Hach Co., Loveland, Colorado), and oxygen (Chemetrics Inc., Calverton, Virginia) were measured in the field using colorimetric methods. The dissolved concentration of major anions, including the potential terminal electron accepting compounds, nitrate and sulfate, were determined using anion exchange chromatography with conductivity detection (EPA 300.0). Samples for the analysis of methane were collected by filtering 2 mL of groundwater (0.2 :m filters) into sealed 10 mL serum vials. In the laboratory, headspace methane concentrations were measured using gas chromatography with thermal conductivity detection. The amount of methane in groundwater was then calculated from the headspace methane concentration using the Henry's law partition coefficient. Determination of predominant terminal electron-accepting processes was based on consumption of electron acceptors such as dissolved oxygen and sulfate, production of final products such as Fe(II), sulfide, and methane, and concentrations of the intermediate product hydrogen as described in detail elsewhere (Chapelle et al.. 1995) .
Radiochemicals.
The potential for chloroethene biodegradation at the Peger Road site was investigated using uniformly labeled [1,2-C] TCE (5.4 µCi/µmole; Sigma Biochemicals, St. Sciences, Boston, Massachusetts) were used as radiolabeled standards for calibration and methods development. All had radiochemical purities > 98%.
Microcosm Studies. All sediment handling and microcosm preparation activities were conducted in a glove box under a nitrogen atmosphere. In general, sediment microcosms were composed of 10 mL serum vials with 10±0.5 g of saturated sediment and an atmosphere of nitrogen. Quadruplicate experimental treatments were prepared for each sediment. Triplicate autoclaved control microcosms and a single sediment free control microcosm were prepared for each sediment treatment and autoclaved twice for 1 h at 15 PSI and 121 °C. All microcosms were preincubated in the dark at 4 °C for five days prior to the addition of C-substrates and electron 14 donor amendments.
For the dechlorination rate study, anoxic microcosms were prepared with MW9810 and MWN4 sediments as described above and amended with [1,2-C] TCE, [1,2-C] DCE or [1,2-C] VC 14 14 14 to yield initial dissolved substrate concentrations of 2, 2 and 0.6 mg/L TCE, cis-DCE and VC, respectively. Microcosms were incubated in the dark at 4 °C for 200 days.
analyzing 0.5 mL of headspace by capillary gas chromatography with radiometric detection. The headspace sample volumes were replaced with nitrogen. Dissolved phase concentrations of C-14 analytes were estimated based on experimentally determined Henry's partition coefficients.
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Because inorganic carbon is present as dissolved CO and HCO at the pH values observed in the -collected sediments (pH = 6.3-6.8), a dimension-less partition coefficient for the distribution of inorganic carbon between the headspace and the dissolved phase was determined by injecting 3 H CO into the dissolved phase of triplicate autoclaved sediment microcosms (prepared as 14 - described for the degradation study), allowing the microcosms to equilibrate for 24 h, and 2 measuring the CO radioactivity in the headspace using radiometric detection gas 14 chromatography. The radiometric detector was calibrated by liquid scintillation counting using 3 HC O. 14 -34 Dissolved concentrations of NO and SO were determined by ion chromatography. Concentrations of dissolved Mn(II) and Fe(II) were determined colorimetrically using commercially available test kits (Hach Co., Loveland, Colorado). Estimates of bioavailable, reducible Mn and Fe were made by chemical reduction and extraction with 0.5 M hydroxylamine solution in 0.25 M HCl followed by colorimetric analysis of resultant Mn(II) and Fe(II) using commercially available test kits (Hach Co., Loveland, Colorado).
RESULTS AND DISCUSSION
Implications of In Situ Redox Conditions. The results of the September 2003 field redox assessment conducted by the USGS are presented in Appendix A. Based on these data, a number of conclusions can be made regarding the potential for efficient chloroethene biodegradation in the chloroethene contaminant plume at the Peger Road site. Dechlorination Rate Study. When practicable, kinetic descriptors of chloroethene biodegradation are best derived from field data, as these data reflect microbial activity under in situ conditions (Chapelle and Bradley 1998 ). This approach is particularly appropriate when estimating the in situ biodegradation rate of the parent compound, because the apparent, nonconservative rate of contaminant decay between consecutive wells is a straight-forward estimate of in situ biodegradation. In contrast, estimation of the in situ biodegradation rate of daughter products is often problematic because the observed concentrations of daughter compounds reflects a balance between in situ production and in situ degradation. Likewise, such an approach is problematic if daughter product accumulation is not apparent and concern exists that in situ chloroethene biodegradation processes may yield innocuous, non-diagnostic products such as 2 CO . When in situ estimates prove problematic, laboratory rate estimates can be an useful alternative for modeling the fate and transport of chloroethene reduction products along the groundwater flowpath.
In general, biological processes follow saturation kinetics (Michaelis-Menten), in which firstorder, concentration dependent kinetics are observed at substrate concentrations below saturation and zero-order, concentration-independent kinetics are observed at substrate concentrations above saturation. In lieu of a detailed, resource intensive kinetic investigation, rates of biodegradation at low mg/L substrate concentrations are often assumed to follow first-order kinetics. As a minimum, however, rate studies should be conducted at substrate concentrations that are relevant to in situ conditions and the results tested for conformity to a first-order kinetic expression. In this study, headspace concentration changes were monitored over time and the rate of change of substrate concentrations was determined to conform to first-order degradation kinetics at the substrate concentrations evaluated in this study (2 mg/L TCE, 2 mg/L cis-DCE, and 0.6 mg/L VC). Caution should be taken in applying these first-order degradation rate estimates to substrate concentrations above those tested in this investigation.
Microbial metals-reduction predominated in MW9810 and MWN4 sediment microcosms Peger Road sediment microcosms was at the low end of the range of TCE biodegradation rates reported for temperate aquifer systems (Weidemeier et al. 1999 ). This result confirms that biodegradation can be a significant mechanism for in situ chloroethene contaminant remediation even in cold temperature aquifers.
!
The rate study results are consistent with the field redox assessment and indicate that, in the absence of electron donor amendment, Mn/Fe-reduction is the predominant terminal electron accepting process in the Peger Road sediments under anoxic conditions. ! The low rate of [1,2-C] TCE biodegradation observed in this study under Mn/Fe-14 reducing conditions is consistent with the slow attenuation of TCE observed in the TCE plume at the Peger Road site. These results suggest that TCE biodegradation may contribute to the slow decline in dissolved TCE concentrations that has been reported in the source area and middle portions of the TCE plume at the Peger Road site.
The fact that the rates of [1,2-C] cis-DCE and [1,2-C] VC biodegradation were 14 14 greater than the [1,2-C] TCE biodegradation rates and the fact that [1,2-C] cis- 14 14 2 DCE and [1,2-C] VC biodegradation was stoichiometric to CO indicate that 14 14 significant accumulation of cis-DCE and VC is not favored in the TCE plume at the Peger Road site.
2 ! The fact that CO was the sole product of [1,2-C] cis-DCE and [1,2-C] VC 14 14 14 biodegradation detected in either sediment indicates that a natural attenuation assessment based on reduced daughter product accumulation may significantly underestimate the potential for DCE and VC biodegradation at the Peger Road site. Electron Donor Amendment Study. For convenience, the results of the control treatments (DIW-amended sediment microcosms) are discussed separately to provide a basis for interpretation of the laboratory electron donor amendment results.
The predominant terminal electron accepting processes observed in DIW-amended, Peger Road 2 sediment microcosms were Mn/Fe-reduction (Table 3 and No significant [1,2-C] TCE loss or C-degradation product accumulation was observed in 14 14 molasses-amended or HRC-amended microcosms (Tables 5 and 6 ). This result indicated that molasses-and HRC-amendments were ineffective in promoting TCE biodegradation in the Peger Road sediments. On the contrary, Molasses-and HRC-amendment effectively eliminated the low 2 levels of [1,2-C] TCE biodegradation and CO accumulation observed in Peger Road sediment 14 14 microcosms under DIW-amended control conditions. This response illustrated a potential risk of electron-donor-amendment-based biostimulation efforts: the potential sacrifice of non-reductive biodegradation pathways. This result also indicated that, electron donor supply is not the only factor limiting [1,2-C] TCE biodegradation in Peger Road plume sediments. The substantial 14 increase in dissolved Mn(II) and Fe(II) concentrations in all three sediment treatments in response to molasses and HRC amendment indicated that microbial Mn/Fe-reductions were limited by the electron donor supply. Thus, the apparent inhibition of [1,2-C] TCE reductive dechlorination in 14 response to molasses and HRC amendment in this study indicated a stimulation of the activity of biostimulation may lead to increased persistence of DCE and VC at the site. This possibility indicates that restriction of electron donor addition activities to the source areas is appropriate to avoid offsite transport of reduction daughter products such as VC.
Of the electron donors examined in this study, the ground shrimp and crab chitin was the most effective in stimulating TCE reductive dechlorination in Peger Road sediments. ! Amendment of sediment microcosms with molasses or HRC stimulated microbial Mn/Fe-reduction but did not promote TCE biodegradation in this study. Although an eventual enhancement in TCE biodegradation in response to molasses-or HRCamendment cannot be ruled out, the presence of high concentrations of bioavailable, reducible Mn (greater than 0.5 µmole/g wet sediment) and Fe (greater than 10 µmoles/g wet sediment) in the Peger Road sediments indicates that any shift toward efficient choroethene reductive dechlorination in response to electron donor amendment is likely to follow an extended lag period (see River Terrace experience with HRC injection). ! Addition of molasses or HRC to Peger Road sediment microcosms appeared to promote microbial Mn/Fe-reducing activity to the detriment of microbial TCE dechlorinating activity.
APPENDIX A.
